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Introduction
Investigators studying neuronal injury have long known that administration of neurotrophins could have important therapeutic potential for intervention in the pathological responses to injury and enhancement of functional recovery. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Recent studies have shown the benefits of administering of exogenous neurotrophic factor to treat traumatic brain injury (TBI). 11, 12 Although the administration of exogenous neurotrophic proteins has therapeutic potential, the limitations imposed by protein degradation and the blood-brain barrier could restrict the clinical utility of this approach. Gene transfer is an alternative means of introducing neurotrophins into the central nervous system (CNS). During the past few years, significant progress has been made in the development of techniques for transfecting genes into the CNS and exploring their potential to treat CNS disorders. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Cationic liposomes, which can condense DNA and increase transfection efficiency both in vitro and in vivo, [23] [24] [25] [26] [27] [28] [29] have several attractive features as vectors for gene transfer. First, cationic liposomes are non-immunogenic and nontoxic at therapeutic doses. Second, cationic liposomes as DNA carriers can transfect postmitotic, non-dividing cells including neurons. Third, cationic liposomes can be used to deliver multiple genes of any type (linear or supercoiled) nucleic acids. Finally, cationic liposomes are relatively simple to prepare and can be administered into the body by several different routes. Recent advances in the development of more efficient liposome formulations have raised the possibility that liposome-mediated neurotrophic gene transfection may prove useful for treating CNS injury. 30 Dimethylaminoethane-carbamoyl-cholesterol (DCChol) liposomes have a relatively high transfection efficiency and low toxicity. 28 Recently, DC-Chol liposomes were approved by the FDA for a clinical trial for cancer immunotherapy. However, no studies have systematically examined whether DC-Chol liposomes could carry neurotrophic genes into brain cells. Neurotrophins, nerve growth factor (NGF) for example, are critical for brain recovery structurally and functionally after injury. In studies regarding traumatically injured brain, the septo-hippocampal cholinergic system is important since it remains a target of damage and dysfunction. 31 Exogenous administration with NGF has been shown to spare septal cholinergic neurons from the injury-induced death and degeneration. [1] [2] [3] As we know, the CNS is less accessible to systematic administration of protein and multiple direct injections are inconvenient. It is therefore of special interest to develop an alternative method by which sustained and sufficient administration of neurotrophin can be achieved. Our laboratory previously has found that 995 lipofectin-mediated transfection of NGF cDNA caused NGF expression and could enhance choline acetyltransferase (ChAT) activity in primary septo-hippocampal cell cultures. 32 We have also transfected a reporter gene into the rat spinal cord employing DC-Chol liposomes. 33 The goal in the present study was to transfer the gene for NGF into rat brain cells using DC-Chol liposomes and to study the effects on neuronal recovery from injury. Our results suggest that DC-Chol liposomemediated NGF gene transfection have therapeutic potential to treat traumatic brain injury.
Results
In vitro studies DC-Chol liposome-mediated ␤-galactosidase gene transfection in primary septo-hippocampal cell cultures: To test the efficiency and potency of the expression vector, we used X-gal staining in septo-hippocampal primary cell cultures which were transfected using DC-Chol liposomes complexed with pCMV/␤-gal plasmid DNA. Two days after liposome-mediated pCMV/␤-gal transfection, X-gal staining was detected in a number of cells ( Figure  1a ). As we observed with lipofectin, 34 the ratio of nucleic acid to DC-Chol liposomes during transfection is critical for optimizing transfection efficiency in cultured cells. Employing different ratios of pCMV/␤-gal cDNA to DCChol liposomes, ␤-galactosidase transfection efficiency was calculated from X-gal staining in septo-hippocampal cultures 2 days after transfection. In vitro studies suggested that highest transfection efficiency was seen in employing a 1:3 (g DNA/DC-Chol liposome l) transfection ratio and less efficient transfection was observed with a 1:1 transfection ratio (Figure 1b) . The differential efficiencies associated with varying ratios of cDNA to liposomes are consistent with the view that the higher the net positive charge of DNA-liposome complexes, the better the interaction with a negatively charged cell membrane. 34 However, an excess of DC-Chol liposomes will also decrease the transfection efficiency (Figure 1b) .
To study the temporal profile of transgene expression levels, we employed ␤-galactosidase activity assays to evaluate the ␤-gal activity following transfection in septohippocampal cultures with pCMV/␤-gal cDNA and DCChol liposomes. We found that expression of ␤-galactosidase activity was highest at 3 days after transfection and gradually decreased for up to 1 month (Figure 1c) . DC-Chol liposome-mediated NGF gene transfection in primary septo-hippocampal cell cultures: Using the optimal ratio determined above, we transfected the septo-hippocampal cultures with 1 g NGF cDNA complexed with 3 l DC-Chol liposomes. To determine mRNA expression after gene transfection, we conducted RT-PCR analyses and confirmed increases of mRNA for NGF 1 day after transfection (Figure 2a) . To measure the induced NGF protein levels, ELISA analyses were used to detect increases in NGF protein in culture media 2, 4 and 8 days after transfection (Figure 2b ). Since we added fresh media every time conditioned media were collected, the results suggest that transfected cells continued to secrete NGF for at least 8 days after transfection. Our results also suggest that incubation time could significantly affect transgene expression levels. The 12-h incubation period had significantly higher NGF expression levels than the 6-h period (Figure 2b ). Rat pheochromocytoma (PC12) cells were used to assay the specific biological activity of the NGF in the medium of transfected cell cultures. We observed a prominent neurite outgrowth of PC12 cells following treatment for 36 h with media conditioned by septo-hippocampal cultures with NGF gene transfection. NGF (20 ng/ml) was added to sister wells as a positive control. The media from NGF transfected cells produced biological effects similar to the NGF isolated from mouse submaxillary glands. As expected, the media from control cell cultures, incubated only with liposomes, had no neurotrophic effects (Figure 3) . The neurotrophic effect of the conditioned media could be blocked by treatment with antibodies specific to NGF (data not shown).
DC-Chol liposome-mediated NGF gene transfer can enhance recovery of ChAT mRNA and activity following calcium-dependent depolarization injury: To determine whether the transfection of neurotrophin cDNA/DCChol liposome complexes into CNS cells can enhance cholinergic neuronal transmission, we used septo-hippocampal primary cell cultures for our in vitro studies. We have previously observed significant increases in ChAT activity without significant changes in the numbers of ChAT-positive cells in septo-hippocampal cultures following liposome-mediated NGF gene transfection. 32 This result suggests that increased ChAT activity is most likely due to the induction of de novo ChAT expression rather than the increase in number of cholinergic septal neurons. In this study, we further confirmed that NGF gene transfection can enhance the de novo ChAT expression by detecting increases in ChAT mRNA levels. Two days after DC-Chol liposome-mediated NGF cDNA transfection, transfected cultures showed significant increases in ChAT mRNA in transfected cultures (data not shown).
To examine potential therapeutic effects, we applied the same transfection paradigm to traumatized septo-hippocampal cell cultures. 35 The trauma, which is induced by calcium-dependent potassium-mediated depolarization injury, caused a significant decrease in ChAT activity without causing significant cell death (Figure 4 ). However, in cells which were transfected after injury, ChAT activity levels were significantly higher than the non-transfected, injured group (Ͼ89%; Figure 4 ). Similar protection could also be produced by adding purified NGF in the culture medium (Ͼ64%; Figure 4 ), while adding liposome per se was without any effect (data not shown). These results suggest that liposome-mediated NGF gene transfection can attenuate injury-induced neurotransmission deficits in cholinergic neurons.
In vivo studies DC-Chol liposome-mediated gene transfer can be achieved in rat brain by direct injection: To extend the above in vitro studies to our in vivo model, we initially applied stereotactic injection techniques combined with cDNA for alkaline phosphatase (AK), a reporter gene. Thirty-six l liposomes or liposomes complexed with 12 g AK cDNA was injected into rat cerebral lateral ventricle. At 3 and 7 days after injection, rats were killed and their brains sectioned for histochemical staining. We did not observe any AK activity at 3 days after injection. However, we found strong AK expression in ependymal membrane tissue as reflected by intensely stained patches at 7 days after transfection ( Figure 5A ). Furthermore, the intraventricular injections did not cause any pathological cellular morphology changes as observed using light microscope. With the same paradigm, we injected the DC-Chol liposome/NGF cDNA complex into the lateral cerebral ventricle. At 3, 7 and 14 days after transfection, ELISA demonstrated that NGF in CSF levels was significantly (P Ͻ 0.01) increased at 7 and 14 days, with the levels of NGF nine-to 12-fold higher than the control, respectively (Figure 5b ).
DC-Chol liposome-mediated NGF gene transfection can attenuate the cholinergic neuronal injury after traumatic brain injury: To determine the effect of NGF gene transfection on cholinergic neurons in the traumatically injured brain, we transferred the NGF cDNA into the injured rat brain. One day after unilateral cortical impact injury, DCChol liposomes complexed with NGF cDNA were injected into the lateral cerebral ventricle. Following a 3-, 7-or 14-day survival period, rats were perfused and immunohistochemical procedures were performed to detect ChAT immunoreactivity in the medial septum. The unilateral traumatic injury significantly reduced (P Ͻ 0.05) the number of ChAT-positive neurons at all time-points in the side ipsilateral to injury and at 7 and 14 days contralaterally ( Figure 6A ). However, NGF gene transfection significantly reversed (P Ͻ 0.05) the decrease in the number of ChAT-positive neurons in the septal region compared with sham-injured controls at 7 and 14 days. Injured rats displayed 52% to 55% ChAT-positive neuronal loss ipsilateral to injury and 30% to 41% loss contralaterally, while NGF cDNA transfection significantly (P Ͻ 0.05) increased ChAT-positive neuronal cell immunostaining by 76% to 105% ipsilaterally and 38.8% to 55.2% contralaterally ( Figures 6A and B ).
Discussion
Recently, significant efforts have been made to develop gene transfer methods for treating CNS injury and disorders. 13, 14, 16, 17, 21, 22, [36] [37] [38] Cationic liposome-mediated gene transfer is non-immunogenic and non-toxic at therapeutic doses. 33, 39 This paper is the first systematic report using DC-Chol liposome-mediated neurotrophic gene transfer to treat neuronal injury in in vitro and in vivo models of CNS injury. We examined the effects of DC-Chol liposome-mediated NGF gene transfection in primary septohippocampal cell cultures and in traumatically injured rat brains. In in vitro studies, we detected an increase of NGF mRNA and protein in post-transfection cultures. PC12 cell biological assays demonstrated this transgene product had the same neurotrophic properties as endogenous NGF. We also found that NGF gene transfection could attenuate injury-induced loss of ChAT activity in cultures. In in vivo studies, we observed that transfection occurred in rat ventricular ependymal tissue following intraventricular injections of AK reporter genes. Moreover, using the same paradigm, we transfected neurotrophic genes into the rat lateral ventricles. ELISA detected nine-to 12-fold increases of NGF in rat CSF following intraventricular injections. Further experiments showed that intraventricular injections of DC-Chol liposome/NGF cDNA complexes could attenuate the loss of cholinergic neuronal immunostaining in the rat septum after traumatic brain injury.
Figure 2 NGF gene transfectio in vitro. (a) Increases in NGF mRNA in septo-hippocampal cell cultures 1 day after DC-Chol liposome-mediated transfection of NGF cDNA detected by RT-PCR (see Materials and methods). Agarose gel was stained with ethidium bromide. The upper band (460 bp PCR product) is the NGF target band and the 210 bp PCR product band is the actin band. Under RT-PCR heading are the results from RT-PCR. (I) injured group; (C) control group; (N) cultures transfected with NGF; (L) cultures treated with liposomes alone. In non-NGF transfection cultures (L) showed basal levels of NGF mRNA from RT-PCR. In cultures treated with DC-Chol liposomes complexed with pCMV/NGF cDNA (N), the NGF band was dramatically increased 1 day after transfection. We also see no difference in DC-Chol liposome-mediated NGF transfection between injured (I) and uninjured (C) cultures. Under the PCR (RNA) heading, the gel shows no band in NGF PCR
Our results further suggest that optimizing the cationic liposome/DNA ratio for neurotrophic gene transfer is critical. The transfection efficiency and toxicity associated with liposome-mediated gene transfer are determined by the ratio of cDNA to liposomes. Different cell lines may show varying optimal conditions for transfection. Therefore, optimizing the transfection in individual systems is important. We found that ratios of 1 g DNA:3 l liposomes produce highest transfection efficiency in septohippocampal cultures. However, lower DC-Chol component (DNA:1 g/liposome:1 l) or higher DC-Chol component (DNA:1 g/liposome:6 l) will significantly decrease transfection efficiency. The decreased transfection with higher DC-Chol concentrations may be attributed to the toxic effect of high doses of liposomes to the cultures. The 1:3 ratio of DNA to DC-Chol liposomes corresponds to a 1:2 (DNA:liposomes) electrical charge ratio. This is different from the reported optimal ratio in epithelial cell cultures (eg 1:1 to 6:1/DNA:lipids ratios). 32 This discrepancy suggests the optimal transfection conditions will vary in different systems, although the reason for this is still not clear. It may be related to differences in cell surface composition that affect complex binding and differences in the mechanism of complex uptake by different cell types. 40 We have also found the incubation time can affect transgene product levels. Twelve hours of liposome-DNA complex incubation in cultures resulted in higher levels of NGF production than 6 h of incubation. However, we did not observe further increases in transgene expression by increasing the incubation time to 24 h (data from our laboratory observations).
Since the time course of non-viral vector-mediated transgene expression varies in different systems, 33 knowledge of the temporal profile of DC-Chol-mediated gene transfection in CNS cells is important. Our results from septo-hippocampal cell cultures suggest that the transgene is expressed at least 1 month after transfection. Due to the significant cell death seen in primary cell cultures after 1 month, studies regarding the duration of transgene expression for longer periods are not practical in this model system.
The low transfection efficiency of liposome-mediated gene transfection is a major concern for potential clinical applications. However, levels of transfection efficiency sufficient to produce some therapeutic effects will vary in different systems and applications, and therapeutic effect can be evaluated only by studies employing carefully designed therapeutic endpoints. NGF is such a potent molecule that even a few cells producing it can cause biological effects. Our results suggest that a 3 or 4% transfection efficiency in septo-hippocampal cell cultures can produce a dramatic increase in NGF protein in surrounding media and protect against cholinergic neuronal damage. In previous studies, we found that less than 4% transfection efficiency with brain-derived neurotrophic factor (BDNF) cDNA could prevent neurofilament loss caused by neuronal injury. 41 Thus, 3-4% transfection levels of neurotrophins in our in vitro systems may be enough to produce beneficial effects against neuronal injury. While these results further suggest that liposome-mediated neurotrophin gene transfection may be clinically applicable even with a limited transfection efficiency, additional in vivo studies, such as those discussed below, are critical for accurate preclinical assessments.
Using different methods, we obtained results suggesting that DC-Chol-mediated gene transfection could be achieved by direct injection into the cerebral ventricles. This injection did not cause any overt tissue damage detected by light microscopic histological examination. AK histochemical staining showed transgene expression in the ventricular ependymal tissue. The transgene expression in this group of cells has the potential to provide significant dispersion of therapeutic proteins due to CSF circulation. Our NGF ELISA results support this possibility. The nine-to 12-fold increases of NGF in the CSF suggest the NGF produced by gene transfer can be widely circulated in the CSF and circulation of this transgene product in CSF may have significant therapeutic effects. The in vitro NGF bioassay results further suggest that the products of transgene expression can produce the same biological effects as natural products without any alteration in physiological function.
The restorative effect of NGF on CNS cholinergic deficits and memory after injury is well documented. 6, 7, 11, 19, [42] [43] [44] [45] [46] Exogenous administration with NGF has been shown to spare septal cholinergic neurons from death and degeneration following injury. [1] [2] [3] 47 NGF increases ChAT activity both in vitro 32, 48 and in intact animals. 8, 49 Also, intraparenchymal grafts of cells genetically modified to produce NGF can prevent cholinergic neuronal degeneration caused by fornix transection 50, 51 or by immunolesioning procedures. 52 Recent studies have shown that administration of exogenous neurotrophic factors can reduce spatial memory deficits in rats following TBI. 11, 12, 44, 45 Although administration of exogenous proteins has proven therapeutically beneficial in animal models, the limitations imposed by protein degradation and the bloodbrain barrier restrict the clinical utility of these approaches. There is a need to develop long-term delivery of therapeutic levels of NGF into CNS as a therapy for neuronal injury. Employing non-viral vector gene a b c B
Figure 6 NGF gene transfer attenuates cholinergic neuronal injury. (A) Liposome-mediated NGF cDNA transfection significantly reduced the ChATpositive neuronal loss in rat medial septal regions. The data are means ± s.e.m. from three to seven rats, ChAT-positive neuronal cells were averaged from eight sections per rat. ChAT-positive neuronal cells were counted by two independent observers who were blinded to the treatment. The results suggest that injury can cause significant ChAT-positive neuronal cell loss (P Ͻ 0.05) ipsilaterally and contralaterally 7 and 14 days following cortical impact injury. However, in the liposome-mediated NGF cDNA transfected group, ChAT-positive neuronal cell number significantly increased (P Ͻ 0.05) up to normal levels on both sides compared with the animals that received liposome alone, indicative of an NGF-induced ChAT cell recovery. Three days after injury, ChAT-positive cells were significantly reduced (P Ͻ 0.05) only on the ipsilateral side and NGF transfection had no effect on ChATpositive cell loss. L: left side of medial septum (contralateral to the injury side); R, right side of medial septum (ipsilateral to the injury). (B) Liposomemediated NGF cDNA transfection prevented ChAT-positive neuronal loss in the rat medial septal regions as shown by ChAT immunohistochemical staining in rat septal regions. (a) Rat brain septal region in coronal section from an uninjured animal; (b) septum 7 days following cortical impact injury and liposome vehicle intraventricular injection (1 day post-injury injection); (c) Septum 7 days after cortical impact injury and liposome/NGF cDNA complex intraventricular injection. The arrows point to the medial septal ChAT neuronal staining. 'ip' notes the side ipsilateral to injury.
transfer techniques to achieve therapeutically useful levels of expression of neurotrophins in the CNS could provide a new strategy for intervention following CNS injury. The results from our study suggest that intraventricular delivery of the NGF gene complexed with cationic liposomes increases NGF levels in CSF, and that increased levels of NGF are associated with beneficial effects on cholinergic neurons in the brain parenchyma. As we previously discussed, although the relatively low transfection efficiency of liposome-mediated gene transfer may limit its application for certain diseases, cationic liposome-mediated neurotrophic gene transfer may provide useful treatment for certain forms of CNS injury. The present study demonstrates that small groups of transfected cells can produce transgene products (neurotrophic peptides) which can diffuse in the brain parenchyma and ameliorate damage to cholinergic neurons following injury. Similar protection has been reported when exogenous NGF is infused into the ventricles following traumatic brain injury. 11 Recent studies have suggested that cationic liposomemediated gene transfer of therapeutically relevant genes has potential for treatment of neurological disorders such as Parkinson's disease 53 and epileptic seizures. 54, 55 This paper provides new evidence that liposome-mediated gene transfer can produce nine-to 12-fold increases of secreted transgene products in the CSF and that these increases are associated with reductions in neuronal damage following traumatic brain injury. Future studies should focus on further optimization of liposomemediated gene transfer in CNS, by increasing transfection efficiency, targeting delivery to specific cell types or regions and regulation of duration of transgene expression.
Materials and methods
Sprague-Dawley rats were purchased from Harlan Laboratories (Indianapolis, IN, USA). DC-Chol liposomes were obtained from Dr Leaf Huang's laboratory at the University of Pittsburgh. Alkaline phosphatase plasmid DNA was obtained from Genzyme (Framingham, MA, USA). Anti-ChAT antibodies were purchased from Chemicon International (Temecula, CA, USA). NGF and anti-NGF antibodies were purchased from Boehringer Mannheim (Indianapolis, IN, USA). Vectastain ABC reagent was purchased from Vector Laboratories (Burlingame, CA, USA). Alkaline phosphatase substrates, including NBT and BCIP, were purchased from Promega (Madison, WI, USA). Five-bromo-4-chloro-3-indolyl ␤-dgalactoside (X-gal), MgCl 2 , potassium ferricyanide, potassium ferrocyanide and other reagents were all purchased from Sigma (St Louis, MO, USA).
Production of NGF expression vector and liposome formulation formation
The expression vector was prepared by inserting rat NGF cDNA into a pUC19-based plasmid containing a cytomegalovirus (CMV) promoter. The NGF cDNA gene (780 bp) was removed by digestion with EcoRI and BamHI from a pBluescribe (M13+) vector. After phenol and chloroform extraction and ethanol precipitation, NGF cDNA was treated with the Klenow fragment of E. coli DNA polymerase I to generate the plasmid backbone. The NGF insert was ligated to the pUC19-based pCMV promoter in the NotI site. The resultant plasmid contains the CMV immediate-early promoter/enhancer, SV40 splice donor and splice acceptor, and SV40 polyadenylation sequence. We used the DC-Chol liposome as a cationic lipid to condense the plasmid DNA. Both DC-Chol liposomes and plasmid DNA were allowed to complex at room temperature for 15 min before the in vitro gene transfection or in vivo stereotactic injection.
Primary septo-hippocampal cultures
The primary cell cultures were prepared as previously described. 35, 56, 57 Hippocampi and septi were dissected from the brains of 18-day-old Sprague-Dawley rat fetuses. 58 After washing, tissue was dissociated by repeated passage through a flame-constricted Pasteur pipette, collected by centrifugation, resuspended in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal calf serum and plated on polyl-lysine coated 24-well plates (2.18 × 10 5 cells per well). Cultures were kept in a humidified CO 2 incubator at 37°C. After 5 days, culture media was changed to DMEM plus B18 supplement. 59 Subsequent media replacement was carried out three times a week.
Liposome-mediated ␤-galactosidase and NGF cDNA transfection Based on our previous studies of liposome-mediated gene transfection in septo-hippocampal cultures, 34 ,60,61 we initially employed six different ratios of ␤-gal cDNA or NGF cDNA to DC-Chol liposomes for the transfection of primary septo-hippocampal cell cultures. One microgram of ␤-gal cDNA in 100 l DMEM (serum free) was mixed with DC-Chol liposomes in ratios of 1:1; 1:2; 1:3; 1:4; 1:5 and 1:6 (DNA (g):liposome (l)) and overlaid on each 16 mm well of primary cultures. Following 6 or 12 h incubation, DMEM medium was replaced in the well. To determine the transgene expression, we used X-gal staining and ␤-gal activity assay to evaluate the ␤-gal gene expression. RT-PCR and ELISA were applied to determine the messenger RNA and protein expression of NGF.
Calcium-dependent depolarization injury in cultures
Calcium-dependent potassium-mediated depolarization injury in primary septo-hippocampal cultures was conducted as previously reported. 35 To produce the injury, normal media were replaced with media containing 60 mm KCl and 5.8 mm CaCl 2 . After 6 min of treatment, this high potassium and high calcium media was replaced by normal media (which contains 5.3 mm K + and 1.8 mm Ca 2+ ). This injury produces significant neuronal injury including proteolytic degradation of cytoskeletal proteins 62 and reduced ChAT activity in the absence of cell death. NGF transfection was assayed in septo-hippocampal cell cultures for protection against the injury. Exogenous NGF was used as positive control at 100 ng/ml, a dose higher than that secreted by the cell cultures. That is because exogenous NGF was added only once, it could be inactivated during the assay, whereas the transfected cell cultures could synthesize and secrete fresh NGF consistently. Furthermore, according to our experience, NGF freshly secreted is usually more active than a commercially available one.
Cortical impact injury
The controlled cortical impact rat injury model was used for in vivo studies. This model reproduces many features of severe human traumatic brain injury including neurological and cognitive deficits. 62 Male Sprague-Dawley rats (250-350 g) were initially anesthetized with 4% isofluorane and N 2 O/O 2 (2:1) in a vented anesthesia chamber. Following endotracheal intubation, rats were mechanically ventilated with 2% isofluorane and secured in a stereotactic frame. A midline incision was made, the soft tissues reflected, and a circular section of skull 8 mm in diameter was removed from the right margin of the skull midway between the frontal and occipital sutures, 2 mm medial to the temporal ridge. The dura was left intact. This craniotomy exposed the injury site in all animals. Injury was produced by a controlled lateral cortical impact model described in detail by Dixon et al. 62 The impact velocity was adjusted to 6.0 m/s by controlled gas pressure and verified by a time-displacement curve that was measured by a linear variable differential trans-former (Shaevitz model 500 HR) and a PC-based data acquisition system (Axoscope; Axon Instruments, Foster City, CA, USA).
Injection of liposome and cDNA complexes
These studies employed intraventricular injections. The injection procedures were modified as previously described for intracranial injection. 63 Male Sprague-Dawley rats (250-300 g) were anesthetized with sodium pentobarbital (54 mg/kg i.p.) and secured on a stereotactic frame. For intraventricular injection, the burr hole was opened at 1.0 mm posterior to the bregma and 1.6 mm lateral to the sagittal suture. The needle was inserted 3.6 mm below the dura. Liposome (36 l) or liposome complexed with 12 g cDNA encoding either ␤-gal or NGF were injected in the lateral ventricle. For rats undergoing cortical impact, the injections were performed at 1 day after injury.
Histological preparation of rat brain
Rats were deeply anesthetized with sodium pentobarbital and perfused transcardially with 200 ml PBS (0.1 m, pH 7.4), followed by 150 ml of fixative (4% paraformaldehyde, 0.05% glutaraldehyde and 0.2% picric acid in PBS). The brains were removed and postfixed in the same fixative for 1 day at 4°C, followed by 2 or 3 days cryoprotection in 30% sucrose in PBS until the tissues completely sank. Coronal sections (30 m) were cut at −20°C in a cryostat.
Alkaline phosphatase histochemical staining After cutting and washing with PBS the rat brain sections were incubated in PBS for 30 min at 65°C to inactivate endogenous alkaline phosphatase. The sections were subsequently transferred to Tris buffer (0.1 m, pH 9.5) containing 100 mm NaCl, 20 mm MgCl 2 and 0.02% NP-40, and incubated overnight at 4°C with AP substrates (NBT/1:300 and BCIP/1:150) in the same Tris buffer. Incubation was stopped by replacing the substrate buffer with PBS containing 20 mm EDTA. The sections were examined under a light microscope.
␤-Gal activity assay ␤-Galactosidase activity was measured quantitatively with a Shimadzu (Columbia, USA) UV-visible recording spectrophotometer using o-nitro-phenol-␤-d-galactoside (ONPG) as the substrate. After the appropriate incubation time, the medium was removed and the cells were washed twice with PBS. PBS (1 ml) was added to each well and the cells were removed from the plate by scraping with a pipetteman and transferred into microfuge tubes. The cells were recovered by centrifugation at 15 000 g for 10 s, resuspended in 1 ml PBS, and recovered again by centrifugation. The pellet was resuspended in 50 l 0.25 m Tris-HCl (pH 7.8), and cells were lysed by three cycles of freezing in dry ice and ethanol and thawing at 37°C. Cell debris was removed by centrifugation at 15 000 g for 5 min. A standard curve was constructed using E. coli ␤-galactosidase (grade VII, 250-500 units/mg protein). The standards consisted of 10 serial dilutions of ␤-galactosidase ranging from 1 unit/ml to 0.002 unit/ml. Each standard and sample assay contained 1.0 ml 100 mm sodium phosphate buffer (pH 7.2), 40 l of 30 mm magnesium chloride, 40 l of 3.36 m 2-␤-mercaptoethanol, 40 l enzyme solution and 40 l of 68 mm ONPG. Assays were incubated at 37°C for 2 h and the reactions were stopped by adding 2 ml of 1 m sodium carbonate. Absorbancies were measured at 410 nm in the spectrophotometer.
Reverse transcription polymerase chain reaction (RT-PCR)
One day after DC-Chol liposome-mediated NGF gene transfection, cells in culture were lysed. After RNA extraction, the samples were digested with RNase-free DNase I, and cDNA was synthesized by reverse transcription. For PCR, one pair of forward and backward primers of NGF or one pair of primers of ChAT was used. The sequences of primers for NGF are GGCATGCTGGACCCAAGCTC (NGF/5) and GCGCTT GCTCCGGTCAGTCC (NGF/3). The sequences of primers for ChAT are TTAATTTCCGCCGTCTCAGTGAGG (ChAT/5) and TGCACCAGGACGATGCCATCGAAT (ChAT/3). We used actin as an internal control. Actin and NGF or ChAT co-PCR was carried out in a programmable heating block using cycles consisting of denaturation at 95°C for 1 min, followed by annealing at 55°C for 1 min, and DNA extension at 72°C for 2 min. After 30 cycles of PCR, samples were electrophoresed on 1.5% agarose gels. Gels were stained with ethidium bromide and photographed under UV light. To check for possible DNA contamination during RNA preparation, we included RNA samples without performing reverse transcription. The control studies confirmed the absence of DNA contamination.
NGF ELISA
For in vitro studies, septo-hippocampal cell culture medium was removed for ELISA at 2, 4 and 8 days after transfection. For in vivo studies, CSF samples were withdrawn from NGF transfected rats through the occipital foramen magnum. Samples were diluted 1:1 with extraction buffer containing 1 mm PMSF, 7 g/ml aprotinin, and 4 mm EDTA. ELISA procedure was performed as described by protocol from Boehringer Mannheim. Briefly, plate wells were coated with 0.25 g/ml anti-NGF antibodies and incubated for 2 h at 37°C. The wells were washed four times with wash buffer, coated with blocking buffer, and incubated for 30 min at 37°C. A standard NGF dilution series was prepared. Diluted culture medium (100 l) and standard NGF dilutions (100 l) were added to the antibody-coated wells and incubated overnight at 4°C. After washing the plate with wash buffer, antibody-␤-gal-conjugate solution (100 l) was added to each well and incubated (4 h at 37°C). After washing again with buffer, substrate solution (200 l) was added to each well and incubated at 37°C until color was sufficiently developed. Plates were read at 570 nm. The NGF concentrations were determined from a standard concentration curve by a computer-assisted software program (Bio-Rad Laboratories, Hercules, CA, USA).
NGF biological assays
Rat pheochromocytoma (PC12) cells were used to assay the specific biological activity of the NGF in the medium of transfected cell cultures as previous described. 64 Three hours after plating, control media of PC12 cells were removed and replaced with 0.5 ml of media conditioned by septo-hippocampal cell cultures transfected with NGF cDNA with DC-Chol liposome mediation. NGF (20 ng/ml) was added to sister wells as a positive control. The dose was chosen mainly based on our preliminary experiments and others' report. 64 Thirty-three hours later, cells were examined for neurite outgrowth. PC12 cells are photographed and evaluated for morphological differentiation.
ChAT activity assays
ChAT activity in the septo-hippocampal cell extracts was determined according to previous studies. 32 In brief, the cultured rat septo-hippocampal cells were lysed in 100 l of 10 mm sodium phosphate buffer containing 0.1% NP-40 (pH 7.4) on ice. After addition of a 50 l aliquot of reaction mixture containing 150 mm NaCl, 0.5 mm EDTA, 0.15 mm eserine, 0.2 mm [
3 H]-acetyl coenzyme A (specific activity 32 Ci/mol, Amersham, Arlington Heights, IL, USA), 45 mm chloride, in 10 mm phosphate buffer (pH 7.4), the samples were incubated at 37°C for 40 min. The reaction was stopped by the addition of 2 ml of ice-cold PBS. The synthesized 3 H-acetylcholine was extracted with 2 ml of toluene scintillation cocktail containing 2 mg/ml sodium tetraphenylboron, which was dissolved in acetonitrile and the magnitude of radioactivity was measured with a liquid scintillation spectrometer. ChAT activity was expressed as pmol/h/well.
ChAT immunohistochemistry and cell count
The frozen sections were washed in PBS and incubated with 0.5% H 2 O 2 in PBS for 10 min to remove endogenous peroxide activity. Following three washes in PBS, the sections were blocked with 3.0% normal rabbit serum at room temperature for 1 h and then incubated overnight at 4°C with a 1:200 dilution of polyclonal goat ChAT antibody (primary antibody). The carrier solution was PBS containing 1.5% rabbit serum and 0.1% Triton X-100. After three washes in PBS, the sections were incubated in turn with rabbit anti-goat antibody and ABC reagents according to the instructions provided by Vector. The carrier solution for the second antibody was PBS containing 1.5% rabbit serum only. The resulting sections were developed for staining in freshly prepared DAB solution (in Tris-buffered solution) for 2 to 5 min. The sections were subsequently dried on Fisher (Pittsburgh, PA, USA) brand superfrost/Plus glass slides, dehydrated in graded ethanol, cleared in xylene and coversliped.
Due to severe tissue damage in many animals after cortical impact injury, complete sampling and stereological estimation of total cell number became impossible.
Only sections approximately 390 m rostral to anterior commissure decussation (ACD) were examined and counted for the ChAT positive cells under a Nikon (Melville, USA) microscope (100× magnification) equipped with a 10 × 10 ocular grid. These sections were chosen because they provide a region densely populated with ChAT-positive neurons which can serve as a representative of medial septal neuron population. 5 The medial septal area was defined dorsally and laterally by the distribution of stained neurons and ventrally by an imaginary line drawn through the center of the anterior commissure according to Hagg et al. 5 The ChAT-positive neurons were defined as immunolabeled cell bodies, regardless of intensity of staining. These criteria were utilized to exclude counts of smaller portions of cells contained primarily in adjacent sections, but included any small, atrophied, weakly immuno-positive neurons. 11 The ChAT positive neurons were counted bilaterally in five to seven consecutive sections (serial section). Values were compared for injury alone versus injury with injection rats, as well as ipsilateral versus contralateral to the side of injury. These values in the injured rats were compared with intact rats, or in the ipsilateral side of the injured rats to the contralateral side.
Statistical analyses
Data were subjected to analyses of variances followed by Student's t tests to show statistical significance. All data were expressed as group mean ± standard error. A P value less than 0.05 was accepted as significance.
All animal studies carefully conformed to the guidelines outlined in the Guide for the Care and Use of Laboratory Animals from the US Department of Health and Human Services.
